Limiting potential calculation.
In this study, we consider CO 2 reduction in acid solution under standard concentration.
Therefore, the free energy of (H + +e − ) equals to 1/2H 2 for standard hydrogen electrode (SHE). The total energies of intermediates are calculated and converted to free energies by adding some corrections:
where E Total is the calculated total energy, E ZPE is zero point energy, C p is heat capacity, T is temperature, S is entropy. Here, the correction terms are present in Table S1 . Most of the corrections are from previous literatures. [1] [2] [3] [4] [5] Additionally, a correction of -0.51 eV is applied to the CO molecule in the gas phase in order to correct systemic error for GGA-PBE functional as in a previous paper. 1 The solvation energy of -0.11 eV is added to each O atom in intermediates. For instance, the solvation energy of -0.11 eV and -0.22 eV is added for *OH and *COOH Electronic Supplementary Material (ESI) for Chemical Science. This journal is © The Royal Society of Chemistry 2015 2 intermediates, respectively. For two step formation of CO and HCOOH, the free energy variation of the second step is obtained by using reaction energy of the overall reaction to subtract the free energy of the first step. By applying this calculation method, the calculated limiting potential of the following overall half reaction of CO 2 reduction is -0.098 V vs SHE, which agrees well with the experimental value of -0.10
Then, the limiting potential is defined as:
where n is the number of electrons transferred for each electrochemical step (here n = 1 for the one-electron transfer step) and e is the elementary charge. Check for other possible active sites.
The activation barriers for CO 2 approaching carbon sites with large DOS just below the Fermi level are shown in the main text. Here, the barriers for CO 2 approaching N sites are further checked for G-N and Edge-pNH structures, which show large barriers with no stable adsorbed states as presented in Figure S1 . On the other hand, the C atom in CO 2 is selected to approach candidate active sites in the main text. Here, the O atom in CO 2 was selected to approach the candidate sites and the results are also shown in Figure S1 . The results indicate that the barrier is much larger than that for C 3 atom approaching a given candidate site. This is because the C atom in CO 2 dominates the lowest unoccupied molecular orbital (LUMO) of CO 2 as shown in Figure S2 .
Activation barrier, DOS and curvature effect for some other structures.
Other possible active sites around NN(AA), fullerene structures are also checked and the results are presented in Figure S3 . The NN(AA) structure shows large activation barrier of 1.01 eV, while gN doped fullerene shows no stable adsorbed state. The adsorption barrier for increased edge N concentration were calculated for Edge-2gN
and Edge-2pN structures as shown in Figure S3 . The corresponding geometry structures are shown in Figure S4 . The DOS of Edge-pN and Edge-pNH structures are shown in Figure S5 and Figure S6 . The corresponding geometry structures are shown in Figure S4 .
For Edge-pNH structure, the DOS just below the Fermi level for edge C2 and N sites are similar and larger than that of C1 site. The DOS of C2 is a little closer to
Fermi level than that of N site. Therefore, the C2 site is selected as candidate site for Edge-pNH structure. For Edge-pN structure, both N and C2 sites have large DOS just below the Fermi level as shown in Figure 6 . As there is a dispute for pN or gN as active sites, here we select the pN site as candidate site to compare with gN doped cases. 6, 7 The curvature effect for CO 2 to CO reduction on Edge-gN and Edge-pN 4 structures are also checked and presented in Table S2 . As shown in this table, the overpotenital for Edge-gN structure can be tuned to nearly zero under certain curvature while it is not for Edge-pN structure. This mainly because the *CO intermediate is stable on Edge-pN structure, and the last CO desorption step is a nonelectrochemical step whose energy is lost.
Formation energy of different N-doped graphene structures and unit cell size effect on intermediate formation energy.
The formation energies for different N-doped graphene structures are calculated by using N 2 gas as reference for nitrogen. The results are presented in Table S4 . The formation energies are given by:
where i is the number of doped N atoms, ΔE f (iN) is the formation energy, E(iN) is the total energy of N-doped graphene. E 0 is the total energy of undoped graphene, E(C) is the total energy per atom of perfect graphene. E(N 2 ) is the total energy of an Table S5 , which indicate that the unit cell size effect errors on formation are around 0.05 eV. The small errors would not change the conclusions but the final results of calculated potentials would be slightly shifted. 
